Reactive oxygen species (ROS) are induced during both biotic and abiotic stress, either as signaling molecules or as result of stress injury. ROS are highly destructive to cell components and the injury resulting from these compounds is referred to as oxidative stress. Antioxidant enzymes, such as superoxide dismutase (SOD), scavenge oxygen radicals preventing the injury resulting from oxidative stress. The objective of the present research was to produce transgenic apple plants (Malus × domestica 'Royal Gala') with enhanced production of a cytosolic SOD. A full-length SOD cDNA was isolated from spinach by a combination of RT-PCR and conventional plaque lift screening of a pea cDNA library. The SOD gene was mobilized into a binary vector consisting of pBINPLUSARS and pRTL2 for Agrobacterium-mediated transformation of apple. The resulting SOD-overexpression (SOD-OX), blank-cassette, and un-transformed lines were evaluated for resistance to acute and prolonged exposure to high temperature, and freezing temperatures in non-acclimated and acclimated plants, by ion leakage assays of leaves and bark from one-year-old trees. Results indicated that SOD-OX leaves exhibited improved resistance to both acute (30 min) and longer-term exposure (2h to 24h) to elevated temperatures compared to the non SOD-OX lines. Cold tolerance of non-coldacclimated SOD-OX tissues did not differ from the control plants. Cold acclimated (2 weeks exposure to a short day photoperiod at 4°C) leaves of SOD-OX trees, however, were more cold tolerant compared to the other lines, while bark was not. The overexpression of antioxidant enzymes is believed to help cells recover from post-injury ROS rather than directly increase stress tolerance. Therefore, the differences observed in increased stress tolerance in the transgenic apple plants may be a reflection of the type and extent of injury caused by heat vs. freezing stress.
INTRODUCTION
Reactive oxygen species (ROS) such as superoxide anion (O2 ) radicals are well characterized molecules found in plants as by-products of normal cellular metabolism, especially photosynthesis (Bray et al., 2000; Apel and Hirt, 2004) . ROS, particularly H 2 O 2 , are also important in the signal transduction pathways for biotic stress responses (Artlip and Wisniewski, 2001; Apel and Hirt, 2004) , abiotic stress responses (Apel and Hirt, 2004) , and may also serve at points of convergence between these respective pathways (Fujita et al., 2006) . However, during exposure to both biotic and abiotic stress, excess amounts of ROS can form, particularly in leaves due to photosynthesis. ROS are highly destructive to lipids, nucleic acids, and proteins. Once initiated, such reactions are autocatalytic, and can ultimately lead to cell death. Collectively, the injury resulting from these reactive oxygen compounds is referred to as oxidative stress.
Plants have evolved an array of antioxidant compounds and enzymes that either scavenge oxygen radicals or detoxify intermediates, thus preventing the injuries resulting from oxidative stress. Superoxide dismutase (SOD; EC 1.15.1.1) is seen as a key enzyme in this regard, catalyzing the dismutation of superoxide to H 2 O 2 and molecular oxygen (Bowler et al., 1992) . SOD can be classified by various metal co-factors, such as Cu/ Zn, Fe, Mn, and sub-cellular location (Bray et al., 2000) .
In relation to fruit crops, oxidative stress plays a role in freezing and low temperature injury, sunburn (sunscald), and physiological scald. These are all major problems for the fruit industry and can significantly reduce fruit quality. Andrews and Johnson (1997) reported that sunburn on apples is a result of the combined effects of elevated temperatures and high light intensity both of which result in the formation of ROS.
A logical means to ameliorate ROS-induced injury would be to overexpress the enzymes involved in the reactions. This has been attempted in a number of species. McKersie et al. (1993 McKersie et al. ( , 1996 McKersie et al. ( , 1999 demonstrated that transgenic alfalfa expressing high levels of SOD displayed significantly more tolerance to freezing stress and water deficit than control plants lacking the transgenes. Similar results have been obtained with transgenic canola (Gusta, pers. comm.), tobacco (Sen Gupta et al., 1993) , tomato expressing either APX or SOD (Wang et al., 2005 (Wang et al., , 2006 (Wang et al., , 2007 and transgenic apple lines over expressing the APX gene . We report here that overexpression of SOD can reduce damage associated with freezing or high temperatures.
MATERIALS AND METHODS

Apple Transformation
A full-length cytosolic Cu/Zn SOD cDNA was isolated from spinach (Spinacea oleracea) cDNA library by a combination of RT-PCR and conventional plaque lift screening. The SOD gene was mobilized into the binary vector pBINPLUSARS as a combination of pBINPLUSARS and pRTL2 (Belknap et al., 2008; Wang et al., 2005) for Agrobacterium-mediated transformation of apple. A 'blank cassette' version was also created without the SOD gene for parallel transformation.
Introduction of the gene constructs into leaves of apple (Malus × domestica cv. 'Royal Gala') was done by Agrobacterium-mediated plant transformation essentially as described by Norelli et al. (1996) at the USDA-ARS-NAA-AFRS facility (Kearneysville, WV). Transgene confirmation was performed via PCR using vector-specific primers.
Over expression of the SOD gene was confirmed in the SOD-OX line by semiquantitative RT-PCR, with comparison to a "blank cassette" line and untransformed 'Royal Gala' (UTRG). Total RNA from leaves or bark tissues (1.0 mg) was subjected to RT-PCR essentially as described by Wisniewski et al. (2006) , with PCR performed with SOD-specific primers. Input cDNAs were normalized via semi-quantitative RT-PCR using 26S-specific primers. No-RT control reactions (PCR of DNased but not Reverse Transcribed RNA) were performed with primers specific to sucrose-6 phosphodehydrogenase. The reactions failed to display any product, indicating that detectable contaminating genomic DNA was not present in the samples (data not shown).
Plant Material
Apple seedlings were propagated in tissue culture at the USDA-ARS-NAA-AFRS facility (Kearneysville, WV) essentially as per Norelli et al. (1988) and Ko et al. (2002) , with root induction as per Bolar et al. (1998) . Upon root formation, the seedlings were transferred to Oasis rooting cubes (Smithers-Oasis, Kent, OH), and maintained in a Conviron TC16 tissue culture chamber (Conviron, Winnipeg, Manitoba, Canada) for one month (24ºC, 70% r.h., 20h light, 70 μmol photons m 2 s -1 PPFD), with watering as needed and nutrient solution application weekly. They were then transferred to a glasshouse, where they were transplanted into 5 L pots with Metromix 310, (Scotts -Sierra Horticultural Products Co., Marysville, OH). The trees were grown in a glasshouse with supplemental lighting to maintain the day length at 16 hours. Trees were watered and fertilized regularly, with resultant caliper ranging from 0.5 cm to slightly more than 1.0 cm, and heights varying from 1 to 2 m. Terminal buds were not observed.
Ion Leakage Assays and Temperature Treatments
Leaf disk (1.5 cm) ion leakage assays, calculations for LT 50 (Lethal Temperature at which 50% of the subjects are killed) and percent ion leakage were performed essentially as described by Arora et al. (1992) , using a YSI model 35 ion conductivity meter (Yellow Springs Instrument Co, Yellow Springs, OH).
Freezing Temperatures
An acclimating low temperature treatment was imposed on whole plants, and the LT 50 for leaves was determined. In brief, young trees were placed in a Conviron PGV36 growth chamber at 5ºC for two weeks, with 8h light/16 h dark photoperiod (PPFD = 100 mmol photons m -2 s -1 ). Leaf disks were then placed in test tubes with 70 ml H 2 O, the tubes placed in an ethylene glycol/H 2 O bath at 0ºC. The tubes equilibrated for 1h before the bath temperature was progressively decreased at a rate of -1ºC h -1 , with samples removed at 1h intervals.
Elevated Temperatures
Two elevated temperature treatments were performed on leaf disks taken from non-acclimated trees: an acute treatment (30 min at 40ºC to 65ºC, 5ºC increments) to determine the LT 50 , and a prolonged (2h to 24h) treatment to determine sustained performance at 40ºC and 45ºC. The leaf disks were removed from the prolonged elevated temperatures at several time points and placed at 4ºC until the ion leakage assay could be performed as above.
RESULTS AND DISCUSSION
A transgenic line overexpressing the spinach cytosolic Cu/Zn SOD (SOD-OX) was confirmed by PCR, as was a transgenic blank cassette line harboring the construct minus the SOD (Fig. 1a) . RT-PCR data confirmed that the SOD-OX line indeed overexpresses the SOD compared to the blank cassette and untransformed 'Royal Gala' (UT-RG) trees (Fig. 1b) .
Ion-leakage is a commonly used measure of the extent to which cells and subcellular organelles remain intact in response to some environmental condition. It is known that temperature extremes can lead to ROS beyond the capacity of cellular systems to detoxify, leading to damage to membranes and thus to increased ion-leakage. Ion-leakage assays were used to ascertain whether over-expression of SOD mitigates freezing temperatures. SOD-OX, blank cassette, and UT-RG trees were treated to low-temperature non-acclimating (long day photoperiod, 25ºC) or acclimating (short day photoperiod, 5ºC) conditions. The latter conditions would be more representative of situations in which physiological scald might occur, and hence possibly more informative than the nonacclimated state. No observable differences were seen between the lines from nonacclimated trees (Fig. 2) . However, acclimated SOD-OX leaf disks displayed a lower LT 50 compared to blank cassette and UT-RG disks (Fig. 2) . This is indicative of the SOD providing protection to membrane systems.
Ion-leakage assays were also performed with leaf disks subjected to both acute and prolonged elevated temperatures. An LT 50 of nearly 55ºC was found for leaf disks from the SOD-OX line (Fig. 3) . The blank cassette and UT-RG lines were less able to accommodate this acute thermal stress, as they had an LT 50 of 50.0ºC and 51.9ºC, respectively (Fig. 3) .
Since such acute, elevated conditions are rarely encountered in a field setting; additional experiments were performed with prolonged exposure to sub-lethal, elevated temperatures. During prolonged exposure to 40ºC (up to 24h), leaf disks from the SOD-OX line had substantially less ion leakage compared to the other lines (Fig. 4) . This trend was also seen for leaf disks exposed to 45ºC, albeit with essentially similar levels of ionleakage between the three lines after 4h (Fig. 4) .
In summary, over-expression of a spinach cytosolic SOD gene appears to increase tolerance of low-temperature-acclimated apple leaves to freezing temperatures compared to blank cassette or untransformed controls. Over-expression of the SOD gene appears to increase tolerance of leaves to acute high temperatures and prolonged, sub-lethal high temperatures compared to blank cassette or untransformed controls. The results and conclusions are similar to those reported by Wisniewski et al. (2007) for transgenic apple trees over expressing a cytosolic ascorbate peroxidase (APX) gene, and for transgenic tomatoes over expressing either APX or SOD genes (Wang et al., 2005 (Wang et al., , 2006 (Wang et al., , 2007 . 
